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Introduction
The interest for astrophysics of the doubly ionized boron (B III) resonance spectral lines (206.578 nm and 206.723 nm) is increasing throughout recent years (Dessauges-Zavadsky et al. 2006) . Boron abundances for seven main-sequence B-type stars are determined from HST (Hubble Space Telescope) and STIS (Space Telescope Imaging Spectrograph) spectroscopy around the B III 206.6 nm line (Mendel et al. 2006; Venn et al. 2002; Proffitt & Quigly 2001) . The 206.578 nm B III resonance line has been obtained and analyzed, also, for two Small Magellanic Cloud (SMC) B-type stars . Boron abundances provide a unique and critical test of stellar evolution models that include rotational mixing, since boron is destroyed in the surface layers of stars through shallow mixing long before other elements are mixed from the stellar interior through deep mixing (Mendel et al. 2006) . Therefore, knowledge of the 2p 2 P
• 1/2,3/2 B III resonance level population processes and the mechanisms that create the B III resonance line shapes and positions are of great interest in astrophysics (Proffitt et al. 1999 ). In the plasmas with electron temperatures (T ) about 20 000 K and electron densities (N) higher than 10 21 m −3 the Doppler and Stark broadening (Griem 1964 (Griem , 1974 are important in the formation of B III resonance lines shapes. Recognizable contribution to the line shape comes from the emitter itself, due to possible splitting (∆ hfs ) in the hyperfine structure (hfs). The hyperfine structure of the spectral line is caused by the interaction of the electron angular momentum (J) with the nuclear spin (I). The splitting of the spectral line depends on the nuclear magnetic dipole moment and the electric quadrupole moment (Schwartz 1955) and can range over wide wavelength interval. Also, the isotope effect can influence the distribution of the components in the ∆ hfs . Boron has two stable isotopes: 20% 10 B and 80% 11 B in natural stage with I = 3 and I = 3/2, respectively (Fuller 1976) . Their hfs splittings are investigated by Proffitt et al. (1999) (and references therein) . Therefore, combination of various plasma conditions, expressed through plasma parameters like: electron density, electron temperature and species densities are responsible (together with the exterior field strengths) for the line intensity, shape and line centre position (Griem 1974) . The aim of this work is to present atomic processes which lead to an over population of the 2p 2 P
• 1/2,3/2 B III resonance levels in a helium plasma generating intense radiation at the B III 206.578 nm and 206.723 nm wavelengths. We have also obtained the shapes of these lines. The measured widths are compared with the Doppler width (W D ) and with the existing Stark widths (W) (Konjević et al. 2002) and splitting in the hyperfine structure (∆ hfs ).
Experiment
A modified version of the linear, low-pressure, arc (Djeniže et al. 2004a (Djeniže et al. ,b, 2005a (Djeniže et al. ,b, 2006a has been used as the plasma source. A pulsed discharge was created in a Pyrex discharge tube of 5 mm inner diameter and plasma length of 14 cm. The tube had an end-on quartz window. Boron atoms are produced cause erosion of the Pyrex discharge tube's walls. In order to ensure high Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20066339
• 1/2,3/2 B III level population Fig. 1 . The recorded B III resonance spectral line profiles using a stepby-step (7.3 pm) technique (five shots at the same position) in the helium plasma at 18 µs after the beginning of the discharge. evaporation of boron, the glass areas on the ends of the axial part of the discharge tube were enlarged. Nevertheless, the B III ion density obtained ensures an optically thin plasma for the investigated wavelengths. The absence of self-absorption was checked using a method described by Djeniže & Bukvić (2001) . Applying this method we have found a value of 1.17 (±12%) for the line intensity ratio of the two B III lines which agrees with the value of 1.22 tabulated by NIST (2006) . The working gas used was helium (90% He + 7% N + 3% O) and nitrogen (97% N +3% O) flowing at 1330 Pa and 133 Pa, respectively. A capacitor of 14 µF was charged up to 48 J bank energy. Plasma reproducibility was controlled by monitoring radiation originating from He I, He II, N II and N III lines, and the discharge current was controlled by using a Rogowski coil signal (it was found to be within ±4%). The spectroscopic observations of spectral lines were made end-on along the axis of the discharge tube. The line profiles were recorded using a step-by-step (7.3 pm) technique with the experimental set-up system described in our previous reports (Djeniže & Bukvić 2001) . This technique provides monitoring of the total line intensity continually during the plasma decay and gives the possibility to compare line shapes at various stages of the same plasma. The photomultiplier signal was digitized using a digital scope interfaced to a computer. At each wavelength step five shots have been recorded and subsequently averaged. The recorded line profiles are shown in Fig. 1 .
The plasma parameters were determined using standard diagnostic methods. The electron temperature was obtained using the relative intensity ratio method (Saha equation in Griem 1964, and in Rompe & Steenbeck 1967) between O II (395.436 nm and 397.326 nm) and O III (396.157 nm) spectral lines in the helium plasma with an estimated error of ±13% assuming the existence of the Local Thermodynamic Equilibrium (LTE). In the case of the nitrogen plasma the N II (463.054 nm) and N III (463.413 nm) spectral lines are used in the Saha equation. The estimated accuracy of T is ±16%. The necessary atomic data are taken from NIST (2006) . The electron density decays were determined using known the Stark FWHM (Full-Width at Half of the Maximal intensity W) of the He II P α (468.6 nm) spectral line within ±9% accuracy in the case of the helium plasma (Griem 1974) , and using the convenient Stark widths of the 463.413 nm N III spectral line (Dimitrijević & Konjević 1981) within ±13% error. Temporal evolutions of the electron temperatures and electron densities are shown in Fig. 2 .
The B III line profiles represent the convolutions of the Lorentzian Stark and Gaussian profiles caused by Doppler and instrumental broadening. For the electron density, electron temperature and density of the emitters in our experiment the Van der Waals and resonance broadenings were estimated to be smaller by more than one order of magnitude in comparison to the Stark, Doppler and instrumental broadening (Griem 1974) . Therefore, we have used the Voigt function to fit our experimental line profiles. For the estimation of spectral line width a deconvolution procedure (Davies & Vaughan 1963 ) based on the least-squares algorithm is applied. Using this procedure we have associated uncertainties of ±16% for Stark widths. Contribution of the instrumental profile uncertainty is negligible.
Atomic processes
In order to determine the efficiency of the production of the B I and B III particles in the plasma, discharges in nitrogen and helium are used. In the same discharge tube and for the same detection conditions the B I (249.678 nm) and B III (206.578 nm) resonance line intensities have been monitored during the nitrogen and helium plasma decays. The B I line intensity maximum is approximately 3 times higher in nitrogen plasma (see Figs. 3 and 4) . This means that the erosion of the discharge tube walls by electrons, N II, N III and N IV ions, in the nitrogen plasma, is about 3 times higher than those realized by electrons and He II ions in the helium plasma. Therefore, the density of the evaporated boron atoms is about 3 times higher in the nitrogen plasma. Temporal evolutions of the B III (206.578 nm) resonance line intensities in nitrogen and helium plasmas are presented in Figs. 3 and 4. The different shapes of these two curves is evident. In the nitrogen plasma it has one maximum at 15 µs after the beginning of the discharge (Fig. 3) . In the helium plasma it has two maxima (Fig. 4) . We found that intensity ratio of the successive maxima depends on the helium pressure. The first at 16 µs, is higher. The second is positioned about 32 µs after the beginning of the discharge. In order to explain the behavior of the B III line intensity decays, we have also monitored decays of spectral line line intensity ratio maximum of 3.5, in the nitrogen plasma is realized at a 15 µs after the beginning of the discharge, exactly the moment when the B III line attains its maximum (Fig. 5) . Within the experimental accuracy (±12%) this ratio decreases monotonously.
In the helium plasma (T = 18 000 K, N = 1 × 10 23 m −3 ) the B I (249.6 nm) resonance line intensity decay is similar to that in the nitrogen plasma (see Figs. 3 and 4) . The B III (206.578 nm) resonance line intensity decay shows two maxima (Fig. 4) , at 16 µs and 32 µs after the beginning of the discharge. The first maximum is realized practically simultaneously, within ±3 µs, of the P α and B III maxima, in the case of the nitrogen plasma. The second maximum coincides with the 388.9 nm He I line maximum which is realized about 32 µs after the beginning of the discharge. This He I transition has a metastable 2s 3 S 1 (19.82 eV, excitation energy) level as a final state and its intensity decay can give information about the density evolution of the helium metastables. One can conclude that the times of the P α He II and 388.9 nm He I lines intensity maxima are also times when the He II and He I metastables have their maximum concentration. The coincidences mentioned clearly show an existing coupling between 2p 2 P
• 1/2,3/2 B III level population processes and the He I and He II metastables. The decay of the B III (206.5 nm) / B I (249.6 nm) intensity ratio (see Fig. 5 ) also confirms this claim. Although the density of evaporated boron atoms in helium is lower than in nitrogen, see Figs. 3 and 4, the B III / B I intensity ratio is significantly higher in the helium plasma. We believe that the population of the 2p 2 P
• 1/2,3/2 B III levels in the helium plasma (at about 18 000 K electron temperature and N = 10 23 m −3 ), additionally increases due to atomic processes in which the He * I (20.62 eV and 19.82 eV excitation energies) and He * II (40.813 eV) metastables play a main role (asterisk denotes metastable state). This extra population can be due to the Penning-effect (Kruithof & Penning 1937) 
• 1/2,3/2 B III level population The processes 1 described with Eqs. (1)- (4) are schematically presented in Fig. 6 . It should be mentioned that similar processes starting from metastable level B * I (3.58 eV), instead from the boron ground state, are also energetically possible providing another channel for population of the 2p 2 P
• 1/2,3/2 B III resonance levels (see also Fig. 6 ). The role of the electron population processes is the same as in the nitrogen plasma. The helium ion metastables (with 40.813 eV excitation energy) can produce double ionization of boron atoms. The energy necessary for this process is: E I + E II = 8.296 eV + 25.149 eV = 33.445 eV, where E I and E II are the first and second ionization energies of boron (NIST 2006) . The rest of the 40.813 eV-33.445 eV = 7.368 eV is enough for excitation of the 2p 2 P
• 1/2,3/2 B III resonance levels with E III exc = 6.00 eV excitation energy. In similar way we can consider all these processes. Therefore, presence of the He * I and He * II metastables ensures permanent transfer of energy to B III resonance levels, leading to their populations being noticeable more than it is predicted by an LTE model. Consequently, the emitted B III resonance line intensities are much higher than is expected by the LTE model (see . This fact can be of importance if using B III resonance line intensities for abundance determination purposes in astrophysics in plasmas containing helium. The process described by Eq. (4) 1 It is known that the He * I metastables (2s 1 S 0 and 2s 3 S 1 ) are of great importance for production of He II ions due to the Penning effect (Phelps & Molnar 1953; Pitchford et al. 1975) . However, metastable levels of He II ions are only significantly populated in the case of higher electron temperatures and electron densities and so the last process (4) only applies to these conditions. (Griem 1964) . ∆ hfs represents the splitting in the hyperfine structure obtained by Proffitt et al. (1999 (Unsöld 1948 ) is considerable, then the B II 12.691 eV energy level can also be directly populated by the Penning process from the boron ground state, Eq. (1), and finally contribute to the population of B III resonance level, Eq. (2). Namely, at an electron density of 10 23 m −3 the calculated lowering of the first ionization energy is 0.324 eV (Drawin & Felenbok 1965) , therefore, this process can also participate in the extra population of resonance B III level. As a result the corresponding spectral line (206.57 nm) is more intense than lines emitted by the helium itself, (see 388.9 nm He I line intensities in Fig. 4) . The use of this spectral line intensity in various calculations based on an LTE assumption can produce a misleading result. As an example, we have calculated the electron temperature from the Saha equation applied to the 206.57 nm B III and 222.03 nm B II spectral lines (atomic data are taken from NIST and Kurucz). We have found T = 49 000 K at 15 µs after the beginning of the discharge. This is about 3 times higher than if the lines satisfying LTE are employed, see Fig. 2 .
Line shape characteristics
Our measured Stark widths and other existing experimental width data are presented in Table 1 . The Doppler widths (W D ) and the hfs splitting ∆ hfs are also presented. In order to compare existing experimental and theoretical data W of the B III resonance lines, their temperature dependence is presented in Fig. 7 . In Dimitrijević & Konjević (1981) , Stark widths of B III lines have been calculated within the semiempirical method (SE), the modified-semiempirical method (SEM), the simplified semiclassical method (G) and its modification (GM) for electrons as perturbers, only. GM and SEM values lie between G and SE values. Using the quantum mechanical close coupling method, Seaton (1988) calculated W and data calculated by Griem et al. (1997) agree with Seaton's predictions. They are about twice as small as the G, SEM, SE and GM values. In Dimitrijević & SahalBréchot (1996) , Stark widths of B III lines have been calculated using a semiclassical approach (DSB) for electrons, protons, and helium ions as perturbers. Only electron perturbers are important at densities of 10 23 m −3 . All theoretical calculations predict very small W values, below 3 pm for T higher than 20 000 K. Only two experiments are devoted to measurements for the B III resonance lines. Srećković et al. (1993) measured W in a linear, low-pressure, pulsed arc operating in oxygen at a 48 000 K electron temperature. Glenzer & Kunze (1996) measured W at a 106 000 K electron temperature in hydrogen plasma created in a (Dimitrijević & Sahal-Bréchot 1996) calculated W values using a semiclassical approach for electrons as perturbers. Symbols (•) and ( ) represent our measured values in helium and nitrogen plasmas (within ±16% accuracy), respectively; while (∆) and ( ) represent experimental data from Srećković et al. (1993) and Glenzer & Kunze (1996) obtained in oxygen and hydrogen plasma, respectively. Seaton's (1988) and Griem's (1997) Glenzer's (1996) experimental data was found. Explicit disagreement exists between Srećković's (1993) measurements and theoretical predictions. Our data are more than 10 times higher than those calculated by various approaches (see Fig. 7 ). On the other hand, our measured W for the 249.6 nm B I line is (4.8 ± 0.7) pm at 1.09 × 10 23 m −3 electron density and is in agreement (within ±25%) with ones measured in Djeniže et al. (1992) . Because of the observed absence of the self-absorption in the resonance B III lines, an explanation of this large disagreement is not easy. It possibly lies in the nature of the interaction between the electron core and the nucleus. Both the B III resonance spectral lines have four hyperfine components (Proffitt et al. 1999 ) with splitting 5.1 pm and 5.3 pm, respectively (see Table 1 and Fig. 8 ). It is evident that the theory does not include this. However, the ∆ hfs are up to 5 times higher than some calculated Stark widths at about 10 23 m −3 electron density. Starting from the assumption that the particular components in the B III hfs are all identically broadened we have constructed the estimated resulting line shape of the 206.57 nm B III line. Only the Stark broadening was used corresponding to the lowest W = 1 pm values (taken from Griem et al. 1997) for each component in the hfs (see Fig. 8 ).
Conclusion
On the basis of the line intensity decays of the doubly ionized boron resonance spectral lines in laboratory nitrogen and helium plasmas, we have found the existence of a permanent energy transfer from He I and He II metastables to the 2p 2 P
• 1/2,3/2 B III resonance levels. This leads to their population being much more than those predicted by the LTE model. This population can be produce by the Penning-effect through successive ionization processes or by direct population from the B I ground state by collisions with the He II metastables (recommended by us). These Proffitt et al. (1999) taken into account the isotope contribution (1:4). The used theoretical Stark width was 1 pm (Griem et al. 1997). population processes are always present in hot and dense helium plasmas. Consequently, the emitted B III resonance line intensities in helium plasma are much higher than those expected by the LTE model. This fact can be of importance when using B III resonance line intensities for abundance determination purposes in astrophysics. Similar behavior can be expected for some lines emitted by astrophysical interesting emitters: Al III, Si III, Sc III, Cr III, V III, Ti III, Fe III, Co III, Ni III, Ga III, Zr III, Y III, Nb III, In III, Sn III, Sb III, Au III, Pb III and Bi III in helium plasmas.
Our measured Stark FWHM are more than of 10 times higher than those calculated by various approaches. One explanation of this disagreement originates from the resulting line width being created by the contributions of the different components in the hfs.
